Cancer is a genetic disease fueled by somatic evolution. Hierarchical tissue organization can slow somatic evolution by two qualitatively different mechanisms: by cell differentiation along the hierarchy "washing out" harmful mutations (Nowak et al. 2003, Werner et al. 2013) and by limiting the number of cell divisions required to maintain a tissue (Derényi and Szöllősi 2017). Here we explore the effects of compartment size on somatic evolution in hierarchical tissues by considering cell number regulation that acts on cell division rates such that the number of cells in the tissue has the tendency to return to its desired homeostatic value. Introducing mutants with a proliferative advantage we demonstrate the existence of a third fundamental mechanism by which hierarchically organized tissues are able to slow down somatic evolution. We show that tissue size regulation leads to the emergence of a threshold proliferative advantage, below which mutants cannot persist. We find that the most significant determinant of the threshold selective advantage is compartment size, with the threshold being higher the smaller the compartment. Our results demonstrate that in sufficiently small compartments even mutations that confer substantial proliferative advantage cannot persist, but are expelled from the tissue by differentiation along the hierarchy. The resulting selective barrier can significantly slow down somatic evolution and reduce the risk of cancer by limiting the accumulation of mutations that increase the proliferation of cells.
of cells during an individual's lifetime and in which tumors 22 typically arise, are comprised of a hierarchy of progressively 23 di erentiated cells and, as a result, are not homogeneous pop-24 ulations of identical cells. There is empirical evidence (7-9) 25 and theoretical rationale (10-12) that such hierarchical tissue 26 architecture has profound e ect on neoplastic progression. The-27 oretical work has demonstrated that hierarchically organized 28 tissues suppress tumor evolution by limiting the accumulation 29 of somatic mutations in two fundamentally di erent ways, as at higher levels further along the hierarchy (see Fig. 1a ). In 39 this idealized construction mutations, irrespective of how much 40 they increase division rate, are invariably "washed out" unless 41 they occur in the stem cell at the root of the hierarchy. In a 42 more general setting, where symmetric divisions are allowed, 43 the strength of this "washing out" e ect can be quantified by 44 introducing the self-renewal potential of cells. The self-renewal 45 potential is defined as the logarithm of the ratio between the 46
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No conflict of interests. 1 ID and GJSz contributed equally to this work. 2 To whom correspondence should be addressed. E-mail: ssolo@elte.hu rate of cell divisions that increase the number of cells at a given level of the hierarchy (division producing two cells at the 48 same level) and the rate of events that result in the reduction 49 at the level (division producing two di erentiated cells that 50 move higher up in the hierarchy or cell death). In healthy 51 homeostatic tissues the self-renewal potential of stem cells 52 is zero (corresponding to equal rates of di erentiation and 53 self-renewal), while for di erentiated cells it is always negative, 54 as these cells have an inherent proliferative disadvantage as a 55 result of which they are eventually "washed out" of the tissue 56 from cells di erentiating from lower levels of the hierarchy. In 57 the following, lower (higher) refers to levels closer to (further 58 away from) the stem cell compartment.
59
More recently, Derényi and Szöll si (12) showed that in self-60 renewing tissues hierarchical organization provides a robust 61 and nearly ideal mechanism to limit the divisional load (the 62 number of divisions along cell lineages) of tissues and, as 63 a result, minimize the accumulation of somatic mutations.
64
The theoretical minimum number of cell divisions can be 65 very closely approached: as long as a su cient number of 66 progressively slower dividing cell types towards the root of the 67 hierarchy are present, optimal self-sustaining di erentiation 68 hierarchies can produce N terminally di erentiated cells during 69 the course of an organism's lifetime from a single precursor 70 with no more than log 2 (N ) + 2 cell divisions along any lineage.
71
Here, we examine the e ect of compartment size by in-72 troducing interaction among cells in the form of cell number 73 regulation, which acts on the cell division rates such that the 74 number of cells at each hierarchical level of the tissue has 75 the tendency to return to its desired homeostatic value. We 76 consider a single (non stem cell) level of the hierarchy that 77 is renewed from below by cell di erentiation. We introduce 78 mutants with a proliferative advantage, i.e., mutants with a 79 positive self-renewal potential. As detailed below, using both 80 simulations and an approximation adopted from nonequilib-81 rium statistical physics, we find that under a wide range of 82 parameters a third fundamental mechanism exists by which hi-83 erarchically organized tissues can slow down somatic evolution 84 and delay the onset of cancer.
85

Results
86
We consider level k > 0 of a general di erentiation hierarchy 87 that is renewed by cell di erentiation from level k ≠ 1 below.
88
The tissue dynamics is described by the rates of asymmetric 89 di erentiation ( ¶ ø), symmetric division with di erentiation 90 (øø), symmetric division ( ¶ ¶), cell death (◊), and the total 91 rate " k≠1 of di erentiation from below (see Fig. 1 
b and c).
92
To model tissue size regulation at level k we introduce cell 93 number-dependent modifiers of the above rates that act to 94 maintain the tissue's homeostatic size. For simplicity and 95 mathematical convenience we parametrize these density de-96 pendent factors by considering the quadratic potential 
Self-renewing tissue comprised of a hierarchy of progressively differentiated cells can suppress somatic evolution. a) The linear process of somatic evolution considers a strict linear organization, where after each cell division one of the daughter cells differentiates to the next level pushing all cells above further along and the top most cell is lost from the system. Such an idealized construction, where self-renewal at individual levels of the hierarchy is not allowed has a minimal self-renewal potential " k = ≠OE, with the exception of the stem cell level at the root of the hierarchy with "0 = 0. This has the effect of canceling out selective differences between cells, i.e., any non stem cell, regardless of how large its division rate is, will be "washed out" of the tissue by cell differentiating from below. b) General differentiation hierarchies are characterized by intermediate values of the self-renewal potential with the exception of the stem cell. In such systems, in the absence of cell number regulation, any mutant with a proliferative advantage, i.e., a positive self-renewal potential, will spread exponentially if it does not go extinct stochastically. c) We introduce cell number regulation that changes the rate of different events such that the strength and direction of the regulation depends on the difference between the number of cells present at a given time N k (t) and the homeostatic number N 0 k in a manner equivalent to being in a quadratic potential (cf. Eq. (1)). As described in the text, this leads to the emergence of a positive threshold proliferative advantage below which mutants cannot persist.
crease cell number are defined as
which satisfy the condition of detailed balance
It follows that the variance of the cell number distribution 107 is
Biologically such a regulation scheme corresponds to, 108 e.g., the local concentration of a regulatory signal that conveys 109 information on the density of cells in a compartment.
110
The evolutionary dynamics of level k is determined by 111 the per cell rate r + k = r ¶ ¶ k of cell number increase through 112 symmetric cell division ( ¶ ¶), the per cell rate r ≠ k = r øø k + r ◊ k 113 of cell number decrease through either symmetric division 114 with di erentiation (øø) or cell death (◊), and the per level 115 rate " + k = " k≠1 of cell number increase through di erentiation 116 from below; each multiplied by the corresponding cell number-117 dependent modifier. At homeostasis the rates must satisfy the stationarity con-
In the following, we focus on a single (non stem cell) level, we set its rate r ¶ø k to zero for convenience.
130
The self-renewal potential of the cells is defined as
132 which converges to ≠OE as the rate of the ( ¶ ¶) events approach 133 zero.
134
We introduce mutants with an elevated rate of divisions 135 that increase cell number, r + m , such that it exceeds the rate of In the absence of cell number regulation (-= 0) a single 140 such mutant either goes extinct stochastically, or spreads 141 exponentially with probability 13) . In the following we use Sm to parametrize the selective 144 advantage of mutants. We note that in the absence of di eren-145 tiation from below (i.e., " + = 0), for fixed population size (i.e., 146 -ae OE), for all but extremely small populations or nearly 147 neutral mutations, Sm also corresponds to the probability of 148 fixation of the mutant (14-16).
149
Denoting the number of wild type cells by Nw and mutant cells by Nm the dynamics is described by the transition rates
which can be shown to satisfy detailed balance in the e ective potential (Nm, Nw) = ≠ Nm"m + ln Nm ≠ Nw" + ln Nw
the continuous approximation of which is shown in the bottom 150 panels of Fig. 2 a and b for di erent parameters.
151
The presence of size regulation (i.e., -> 0) leads to a quasi-152 stationary state in which the mean number of wild typeNw 153 and mutantNm cells can be determined to good approximation 154 by solving:
[11]
As illustrated in Fig. 2 , the behavior of this quasi-stationary 157 state can be divided into two regimes based on the value of the 158 proliferative advantage Sm of the mutant. Below a threshold 159 proliferative advantage S ú m mutants, even if they initially fix 160 (i.e., avoid early stochastic extinction with probability Sm) will 161 nonetheless rapidly go extinct and, as a result, have vanishing 162 probability to persist in the tissue throughout its lifetime. 163 Above this threshold, however, if a single mutant avoids early 164 stochastic extinction, with probability Sm, a population of 165 its descendants will persist with near certainty in the tissue 166 throughout its lifetime.
167
The characteristic residence time of a population of mutants 168 that have initially fixed corresponds to the mean exit time · 169 of escape from the quasi-stationary state described above. Fol-170 lowing the approach described by Gardiner (17) 
where ·0 is the reciprocal of the attempt frequency and =
176
(1, N 0 ) ≠ (Nm,Nw) is the height of the potential barrier for the escape from the quasi-stationary state (cf. Fig. 2) . increases approximately linearly with N 0 (for large N 0 ), 179 corresponding to and exponential increase in · . In contrast,
180
·0, which depends only on the local geometries of the potential 181 well and barrier, is proportional to (N 0 ) ≠3/2 . In particular, 182 in the limit of strong regulation (-ae OE) and strong washing 183 out (r + = 0, i.e., "
[13]
187
Using the mean exit time for escape from the quasi station-188 ary sate, the probability P that a single mutant persist for 189 the lifetime of the individual can be expressed as:
As show in Fig. 3a the above approximation for the escape 192 time · is highly accurate, and it depends very sharply on the 193 selective advantage of mutants. This results in a well defined 194 threshold selective advantage (cf. Fig. 3a ) below which mutants, (a) In presence of tissue size regulation (-> 0), below a threshold proliferation advantage S ú m mutants rapidly go extinct and, as a result, have vanishing probability to persist in the tissue through its lifetime, while above this threshold, if a single mutant avoids early stochastic extinction, which occurs with probability Sm, it will persist with near certainty. The diagonal line corresponds to the initial fixation probability, the colored circles show the results of the simulation, and the black continuous curves show the theoretical approximation, for different compartment sizes (N 0 ). -= 1, r + = 0, r ≠ = 1, and T = 10 9 throughout. (b) The threshold separates the plot into two distinct regimes: below the curve the persistence probability is zero, mutations cannot accumulate; above the curve the mutants that avoid early stochastic extinction, which occurs with probability Sm, will persist in the tissue during the lifetime of the individual, and mutations can accumulate, leading to neoplastic progression. population at risk in contrast were found to contribute only 228 logarithmically to the waiting time and hence have a weaker 229 impact (6).
230
In hierarchically organized tissues with finite compartment 231 size the situation is more complicated. A mutant that avoids 232 early stochastic extinction and achieves a sizable seemingly 233 stable population can go extinct as a result of di erentiation 234 from below. This results in a qualitatively di erent and more 235 profound ability of smaller compartment size to limit the ac-236 cumulation of mutations. Similarly to classical population 237 genetics models, the initial fixation probability of a mutation 238 in a compartment of a hierarchical tissue is proportional to the 239 proliferative advantage Sm and independent of the compart-240 ment size. However, as can be seen in Fig. 3a , the probability 241 of the mutation to persist in the tissue exhibits a threshold 242 that is strongly dependent on compartment size. For small compartments even mutants with a very large selective advan-244 tage will only persist for a very short time, e.g., a mutant with 245 a selective advantage of 10%, i.e., Sm ¥ 0.1, the largest value Fig. S1 . The threshold spreading factor for varying strength of washing out, corresponding to different self-renewal rates r + = r ≠ ≠ " + /N 0 , i.e., to 100%, 10%, and 1% of cells being produced by differentiation from below instead of self-renewal or, equivalently, " ¥ ≠OE, ≠0.1, and ≠0.01, respectively, for -= 10, r ≠ = 1, and T = 10 9 . Similarly to Fig. 3b in the main text the threshold spreading factor separates the plot into two distinct regimes: below the curve the persistence probability is close to zero, mutations cannot accumulate; while above the curve mutants that avoid early stochastic extinction, which occurs with probability Sm, will persist in the tissue during the lifetime of the individual, and can accumulate further mutations leading to neoplastic progression. Continuous lines are theoretical estimates based on the mean exit time approximation, while points indicate explicit numerical simulations.
